Most human Δ 9 -tetrahydrocannabinol (THC) use is via inhalation, and yet few animal studies of inhalation exposure are available. Popularization of non-combusted methods for the inhalation of psychoactive drugs (Volcano®, e-cigarettes) further stimulates a need for rodent models of this route of administration. This study was designed to develop and validate a rodent chamber suitable for controlled exposure to vaporized THC in a propylene glycol vehicle, using an e-cigarette delivery system adapted to standard size, sealed rat housing chambers. The in vivo efficacy of inhaled THC was validated using radiotelemetry to assess body temperature and locomotor responses, a tailflick assay for nociception and plasma analysis to verify exposure levels. Hypothermic responses to inhaled THC in male rats depended on the duration of exposure and the concentration of THC in the vehicle. The temperature nadir was reached after ~40 min of exposure, was of comparable magnitude (~3 °Celsius) to that produced by 20 mg/kg THC, i.p. and resolved within 3 hours (compared with a 6 hour time course following i.p. THC). Female rats were more sensitive to hypothermic effects of 30 min of lower-dose THC inhalation. Male rat tailflick latency was increased by THC vapor inhalation; this effect was blocked by SR141716 pretreatment. The plasma THC concentration after 30 min of inhalation was similar to that produced by 10 mg/kg THC i.p.. This approach is flexible, robust and effective for use in laboratory rats and will be of increasing utility as users continue to adopt "vaping" for the administration of cannabis.
Introduction
Marijuana is used by human populations to selfadminister Δ 9 -tetrahydrocannabinol (THC) via inhalation in the majority of cases and smoking the combusted plant material continues to be the most common method (Etter, 2015; Schauer et al, 2016) . Despite the occasional effort to expose laboratory animals to marijuana smoke (Lichtman et al, 2001 ; Paule et al, 1992 ) the vast majority of studies have been conducted using parenteral injections (Maldonado, 2002; Pertwee, 2005; Scallet, 1991) . Recent broad availability of non-combusting devices (e-cigarettes, Volcano® vaporizers, etc) capable of vaporizing or aerosolizing drugs has led to increasing adaptation for using marijuana materials (Etter, 2015; Giroud et al, 2015 ; Lee et al, 2016; Morean et al, 2015) , including with populations using marijuana for medical relief . Adverse health effects of these novel devices may span the range from the differential drug effects caused by the route of administration to effects of the vehicles in which drugs are vaporized. Thus, an inhalation method for a broad range of scientific investigation is needed and new, well controlled laboratory animal models are of significant interest to enhance translational inference.
Although a limited number of prior studies have investigated the exposure of laboratory animals to marijuana or THC via varied inhalation methods, there are no prior methods reported for THC exposure via e-cigarette vapor. Efforts to deliver cannabinoids using combusted marijuana, Volcano® type vaporizers or similar with rats (Manwell et al, 2014a; Manwell et al, 2014b) or mice (Lichtman et al, 2000; Marshell et al, 2014; Wilson et al, 2002) have been attempted but may have limitations. For example two recent studies using Volcano® vaporizers reported all-or-nothing behavioral effects and thus do not demonstrate an ability to differentially control dose within an effective range (Manwell et al, 2014a; Manwell et al, 2014b) . Some studies have used physical restraint (Lichtman et al, 2001 ; Wiebelhaus et al, 2012) which may induce stress effects. Other investigations failed to find differential cannabinoid effects versus placebo on some of the tetrad measures, while confirming effects on other endpoints (Lichtman et al, 2000; Lichtman et al, 2001 ; Marshell et al, 2014 ). An additional limitation is that prior work has used nonstandardized one-off delivery models that would be difficult to reproduce with fidelity (Boni et al, 1991; Lichtman et al, 2001 ; Varvel et al, 2006; Wiebelhaus et al, 2012) or use a cumbersome method to store the vapor (Manwell et al, 2014a; Manwell et al, 2014b) . Thus, the present work was undertaken to determine if physiologically relevant amounts of THC, the primary psychoactive constituent of cannabis, could be delivered to rats using an e-cigarette type vaporizer.
Prior studies of the inhalation of exogenous cannabinoids are sparse, particularly in rats. Any given study will have limits in both design and outcome which limits the ability to compare results to a much larger set of studies featuring injected THC. Comparison of dose-effect relationships between routes of administration is an obvious goal. One set of studies used a "metered dose inhaler" for aerosolized THC in mice and found that the dose which produces hypothermia or hypolocomotion is above that necessary for antinociception (Lichtman et al, 2000; Wilson et al, 2002) . However exposure to marijuana smoke decreased mouse temperature to the same extent as placebo marijuana smoke (and there was no effect of SR141716 pretreatment) suggesting not all inhalation models prove effective for study of all cannabinoid-related outcomes (Lichtman et al, 2001 ). Studies using a Volcano device found that conditioned place preference was only produced under one exposure condition in rats (Manwell et al, 2014a) and inhaled THC had a small stimulant effect on locomotor behavior (Manwell et al, 2014b) . In total, these prior attempts have shown uneven efficacy, used marijuana smoke in some cases (which may be aversive), failed to demonstrate dose-response relationships and/or required restraint (which may invoke stress responses). Study of the effects of inhaled THC would therefore benefit from an e-cigarette inhalation model, particularly one that adapts current products designed for human use.
This study was conducted to provide in vivo validation of a method for delivering physiologically relevant amounts of THC to rats using commercial e-cigarette technology. The validation measures (body temperature, activity and nociception) were selected from the traditional tetrad used to assess cannabinoid activity in rodents (Wiley et al, 2014) . Marshell and colleagues (2014) compared inhaled and intraperitoneal THC in mice and also found that dose effect relationships on individual tetrad components did not coincide, in the most extreme case inhaled THC produced no catalepsy at doses that altered temperature, activity and nociception (Marshell et al, 2014) ; for this reason catalepsy was not assessed in the present study. 
Methods

Subjects
Radiotelemetry
Rats were anesthetized with an isoflurane/oxygen vapor mixture (isoflurane 5% induction, 1-3% maintenance) and sterile radiotelemetry transmitters (Data Sciences International, St. Paul, MN; TA-F40) were implanted in the abdominal cavity through an incision along the abdominal midline posterior to the xyphoid space. Absorbable sutures were used to close the abdominal muscle incision and the skin incision was closed with the tissue adhesive. For the first three days of the recovery period, an antibiotic (cephazolin; 0.4 g/ml; 2.0 ml/kg, s.c.) and an analgesic (flunixin; 2.5 mg/ml; 2.0 ml/kg, s.c.) were administered daily. A minimum of 7 days was allowed for surgical recovery prior to starting any experiments.
Activity and temperature responses were evaluated in clean standard plastic home cages (thin layer of bedding) in a dark testing room, separate from the vivarium, during the (vivarium) dark cycle. Radiotelemetry transmissions were collected via telemetry receiver plates placed under the cages as previously described (Aarde et al, 2013b; Miller et al, 2013; Wright et al, 2012 ).
Intravenous catheterization
Rats were anesthetized with an isoflurane/oxygen vapor mixture (isoflurane 5% induction, 1-3% maintenance) and prepared with chronic intravenous catheters as described previously (Aarde et al, 2013a; Aarde et al, 2015b; Miller et al, 2012) . Briefly, the catheters consisted of an 14-cm length of polyurethane based tubing (MicroRenathane®, Braintree Scientific, Inc, Braintree MA, USA) fitted to a guide cannula (Plastics One, Roanoke, VA) curved at an angle and encased in dental cement anchored to an ~3 cm circle of durable mesh. Catheter tubing was passed subcutaneously from the animal's back to the right jugular vein. Catheter tubing was inserted into the vein and tied gently with suture thread. A liquid tissue adhesive was used to close the incisions (3M™ Vetbond™ Tissue Adhesive; 3M St Paul, MN). A minimum of 4 days was allowed for surgical recovery prior to starting an experiment. For the first three days of the recovery period, an antibiotic (cephazolin) and an analgesic (flunixin) were administered daily. During testing and training, intravenous catheters were flushed with ~0.2-0.3 ml heparinized (166.7 USP/ml) saline before sessions and ~0.2-0.3 ml heparinized saline containing cefazolan (100 mg/mL) after sessions.
Apparatus
Sealed exposure chambers were modified from the 259mm × 234mm × 209mm Allentown, Inc (Allentown, NJ) rat cage to regulate airflow and the delivery of vaporized drug to rats using e-cigarette devices (see Figure 1A ; N.b., the described studies were conducted in a version that used a singlecartridge delivery system and the activated charcoal filter was a large floor model --Carbtrol Corporation G-0.5, Bridgeport CT). The latter included the Protank 3 Atomizer by Kanger Tech (Shenzhen Kanger Technology Co.,LTD; Fuyong Town, Shenzhen, China) and the 510 DCT Tank Atomizer by Ego E-Cigs (Joyetech USA, Irvine, CA, USA). A custom interface has been developed by La Jolla Alcohol Research, Inc (La Jolla, CA, USA) to permit triggering of the device by MedPC IV software (Med Associates, St. Albans, VT USA) but direct attachment of these commercial ecigarettes to the chamber was used for some experiments. The chamber air was vacuum controlled by a chamber exhaust valve (i.e., a "pull" system) to flow room ambient air through an intake valve at 1 L per minute. This also functioned to ensure that vapor entered the chamber on each device triggering event. The vapor stream was integrated with the ambient air stream once triggered. 
Drugs
The inhalation exposure was to Δ 9 -tetrahydrocannabinol (THC; 25, 50, 100, 200 mg/mL) or crude marijuana extract (400 mg/mL; analyzed by supplier at 29% THC, thus ~116 mg/mL) in propylene glycol (PG) vehicle using ecigarette type cartridges. Four 10-s vapor puffs were delivered with 2-s intervals every 5 minutes, which resulted in use of approximately 0.125 ml in a 40 min exposure session. The vacuum was turned off for the 4:12 min interval between vapor deliveries. Dosing conditions (concentrations, time of exposure, pairing for exposure, etc) for the experiments were determined based on initial pilot experiments.
For intraperitoneal administration, THC (0.3, 3.0, 10, 20 mg/kg) or SR141716 (4, 10 mg/kg), was suspended in a vehicle of 95% ethanol, Cremophor EL and saline in a 1:1:8 ratio. THC doses were selected based on prior pharmacokinetic and thermoregulatory findings (Irimia et al, 2015; Taffe et al, 2015) . Treatment conditions (including vehicle and solo-drug challenges) were quasirandomized within the Experiments (inhalation conditions by rat pairs), with active THC doses administered no more frequently than a 7 day interval for any individual inclusive of all studies for that individual. The THC and crude extract was provided by the U.S. National Institute on Drug Abuse's Drug Supply Program and the SR141716 was purchased from Cayman Chemical.
Evaluation of plasma Δ 9 -THC content
Plasma THC content was quantified using fast liquid chromatography/mass spectrometry (LC/MS) adapted from (Irimia et al, 2015) and (Lacroix and Saussereau, 2012) . 50 µL of plasma was mixed with 100 µL of deuterated internal standard (200 ng/mL THC-d3) and plasma cannabinoids were extracted into 400 µL ethyl acetate/acetonitrile (1:1) and then dried. The samples were reconstituted in 100 µL acetonitrile and underwent derivatization using 20 µL dabsyl chloride and 20 µL 0.1M NaOH in a hot water bath at 70 °C for 5 min. Separation was performed on an Agilent Eclipse XDB-C18 (3.5 µM, 2.1mm × 100mm; 35 °C) using gradient elution with water and acetonitrile, both in 0.2% formic acid (0.25mL/min; 80-100% acetonitrile). THC was quantified using an Agilent 1100 single quadrupole MSD using electrospray ionization and selected ion monitoring [THC m/z=602.3; THC-d3 m/z=605.3]. Calibration curves were conducted for each assay at a concentration range of 12.5-400 ng/mL and the observed correlation coefficients ranged from 0.996-0.999. Individual samples were run in a randomized order with respect to subject, time-point and dosing condition.
Experiments
Experiment 1
(Duration of exposure) was conducted in a group (N=8) of male Sprague-Dawley (Harlan) rats which were experimentally naïve at the start of these studies. Animals were placed individually in telemetry recording cages to establish baselines for at least 30 min prior to radiotelemetry studies. For all vapor drug exposure, they were transferred in pairs to the inhalation chamber for the designated treatment conditions and thereafter returned to the individual recording cages. Recording continued for up to 4 hours after the start of vapor inhalation. The telemetry data taken in the 30 minutes prior to moving the rat to the inhalation chamber were used as the pre-treatment baseline for statistical analysis purposes. A subsequent experiment in this group determined the effect of pre-treatment with 4 mg/kg, i.p., SR141716 (Rimonabant) or vehicle (in a balanced order) 15 min prior to intraperitoneal administration of THC (10, 20 mg/kg). This was included to provide a comparison of the magnitude of effects produced by vapor inhalation with a more commonly used route of administration in prior rat studies.
Experiment 2
(Female Rat Efficacy) was conducted in a group of female (N=5) and male (N=8) adult Wistar (Charles River) rats implanted with intravenous catheters and radiotelemetry devices and previously used in experiments determining the effects of THC (0.1, 0.3, 1.0 mg/kg, i.v.) on temperature and activity combined with blood sampling for pharmacokinetic distribution studies. A subsequent experiment in this group determined the effect of pre-treatment with 4 mg/kg, i.p., SR141716 (Rimonabant) or vehicle (in a balanced order) 15 min prior to administration of THC (0.1, 0.3, 1.0 mg/kg, i.v.). For the present experiment the rats were exposed for 30 min to THC vapor (Females: 25, 50 mg/mL; Males: 50, 100 mg/mL) or the PG vehicle alone in a balanced order. The variation in THC concentration (and reduction relative to Experiment 1) with a fixed inhalation duration was incorporated to further determine if dose-related differences could be produced by this method.
Experiment 3
(Crude marijuana extract) was conducted in a second group (N=8) of male Sprague-Dawley (Harlan) rats that was originally obtained and implanted for telemetry in a single cohort with the Experiment 1 animals. This group was subjected to i.p. challenges with doses of 3,4-methylenedioxypyrovalerone and α-pyrrolidinopentiophenone reported in (Aarde et al, 2015a) prior to the presently reported study. The rats were exposed to crude marijuana extract, THC (50 mg/mL) and the PG vehicle alone in a balanced order.
Experiment 4
(Pharmacokinetics) was conducted in a group of male adult Wistar (Charles River) rats (N=6) prepared with intravenous catheters for blood sampling following vapor inhalation and a second group of male Wistar rats (N=6) previously used in intravenous self-administration experiments (involving methylone as the training drug; (Nguyen et al, 2016) ) was used for PK determinations after IP THC dosing. Male Wistar blood was obtained from some subjects by acute venipuncture under gas inhalation anesthesia due to non-patent catheters.
Experiment 5
(Nociception) was conducted in a group of male adult Wistar (Charles River) rats (N=14) previously used in intravenous self-administration experiments (involving mephedrone training). Tail flick latency was assessed after vapor inhalation of THC (200 mg/mL in PG; 4 ten second puffs every 5 min for 10-30 min) or i.p. injection of THC (0.3, 1.0, 3.0 mg/kg) using a 52°C water bath and a 15 s maximum immersion interval per assessment (Gold et al, 1994) . The experiment to determine the effect of pre-treatment with 4 mg/kg,i.p., SR 141716 was conducted in a group of male adult Sprague-Dawley (Harlan) rats (N=8). The i.p. experiment was conducted to provide a reference for the magnitude of effects produced by vapor inhalation.
Data Analysis
The body temperature and activity rate (counts per minute) were collected via the radiotelemetry system on a 5-minute schedule and analyzed in either 5-minute bins or 30 min averages (in the graphs the timepoint refers to the ending time, i.e. 60 = average of 35-60 min samples). Any missing temperature values were interpolated from preceding and succeeding values. Plasma THC levels are represented as ng/mL. The data were analyzed with two way repeated measures Analysis of Variance (ANOVA) with factors for the Drug Treatment Condition and the Time post-initiation of vapor, or postinjection (i.p.). Any significant effects were followed with post-hoc analysis using Tukey correction for all comparisons. All analysis used Prism 6 for Windows (v. 6.02; GraphPad Software, Inc, San Diego CA).
Results
Experiment 1 (Duration of exposure)
The first experiment ( Figure 1B Figure 1C) . The post-hoc test confirmed that temperature differed between all dose conditions except the two SR pre-treatment conditions from 180-300 min post-injection. In addition, body temperature after Veh+20 mg/kg THC was lower than all other conditions from 90-150 min post-injection and lower than the Veh+10 mg/kg THC condition 60 min post-injection. There was a significant effect of Time [F (9, 54) = 42.82; P < 0.0001] but not of Drug Treatment or the interaction on activity (not shown). The post-hoc test of the marginal means confirmed that activity was lower from 60-300 min compared with the 30 min time point and from 120-300 min compared with the 60 min time point.
Experiment 2 (Female Rat Efficacy)
The body temperature of the female Wistar rats (mean weight 272 g; 6.3 SEM) was reduced by inhalation of the THC for 30 min (4 10 sec puffs every 5 min), but not by inhalation of the PG vehicle ( Figure 2 The post-hoc test confirmed significant differences in activity rate compared with PG inhalation in the THC (50 mg/mL) inhalation condition (Baseline and 120 min postinitiation) or THC (100 mg/mL) inhalation condition (Baseline and 180-240 min postinitiation). Activity also differed between THC concentrations in the 210-240 min timepoints. Within inhalation condition, activity was significantly different from the baseline after THC (50 mg/mL) inhalation (120-240 min postinitiation) or THC (100 mg/mL) inhalation (90-240 min post-initiation) but not after PG.
Experiment 3 (Crude marijuana extract)
The body temperature of the second group of Sprague-Dawley male rats (mean weight 523 g; SEM 13.6) was also reduced by inhalation of the Crude marijuana extract (400 mg/mL; analyzed at 29% THC, thus ~116 mg/mL) and by THC (50 mg/mL) for 40 min (4 10 sec puffs every 5 min), but not by inhalation of the PG vehicle ( Figure 3A The Tukey post-hoc test first confirmed that body temperature was lower than all three baseline measurements in the Crude (50-65 min after vapor initiation) and THC 50 mg/mL (50-90 min after vapor initiation) conditions but not after PG exposure. The post-hoc test further confirmed that body temperature was lower in the THC 50 mg/mL condition compared with PG (50-105 min after vapor initiation) and Crude (50-130 min postinitiation) treatments and that temperature differed among all three conditions from 50-65 min after the initiation of vapor. Activity was not significantly affected by drug inhalation condition (not shown).
Experiment 4 (Pharmacokinetics)
Six adult male Sprague-Dawley rats were used to determine effects of 30 min of exposure to two source Materials [THC alone in PG (200 mg/mL; 4 ten-second puffs per 5 min for 30 min) and Crude marijuana extract (400 mg/mL in PG; 4 ten-second puffs per 5 min for 40 min)], with N=5 completing each exposure condition / source Material ( Figure  3B ). The ANOVA confirmed that there were significant effects of source Material [F (1, 8) = 19.21; P < 0.005] and Time [F (4, 32) = 82.72; P < 0.0001] as well as the interaction of Material with Time [F (4, 32) = 16.12; P < 0.0001] on the plasma THC levels. The post-hoc test confirmed that plasma THC levels were significantly lower than the first time point from 60-180 min after vapor initiation for both source materials. Plasma THC was also significantly lower following crude extract vapor in the first time point compared with the THC exposure.
An additional study analyzed plasma THC levels in a group of adult male Wistar rats (N = 6) collected 30 min after injection of THC (0.3, 3.0, 10.0 mg/kg, i.p.) ( Figure 3C ). Effects were dose dependent with the 10 mg/kg dose producing plasma THC levels similar to that produced by 30 min of inhalation exposure to THC in PG. The one-way ANOVA confirmed a main effect of Dose [F (1.022, 5.110) = 9.43; P < 0.05] and the post-hoc test (Tukey) confirmed plasma levels were higher after both 3 and 10 mg/kg compared with the 0.3 mg/kg dose.
Experiment 5 (Nociception)
The effects of THC vapor vs PG on nociception ( Figure 4A ) were determined in a group of male Wistar rats (N=14; mean weight 574 g; SEM 11.9). The ANOVA confirmed there was a main effect of Drug Inhalation Condition [F (1, 26) = 9.92; P < 0.005] but not of Time or the interaction on tailflick latency. The post hoc test confirmed that tail flick latency was longer 30 and 60 min after the initiation of THC vs PG exposure for 20 min. Thereafter a subset of the pilot study group (N=8) was assessed for tail-flick latency after 20 min of vapor exposure to the PG vehicle or THC, with vapor initiated 15 min after pre-treatment with 4 mg/kg SR141716, i.p., or the injection vehicle ( Figure 4B 
Discussion
The majority of human intoxication with Δ 9 -tetrahydrocannabinol (THC) continues to be via marijuana smoke inhalation, and the ever widening availability of e-cigarette products on the consumer market has supported the adaptation of these devices for use with cannabis extracts (Etter, 2015; Giroud et al, 2015; Morean et al, 2015) . Relatively few studies using inhalation exposure to THC have been conducted in animal models and none have used e-cigarette approaches. It is therefore of significant interest to further explore effects of inhaled THC in rodents and to develop suitable preclinical models of e-cigarette use. The present study demonstrates that intrapulmonary delivery of THC, using e-cigarette "vape" technology and propylene glycol as the vehicle, produces some of the major cannabinoid-typical effects in the rat. The vapor inhalation of THC significantly reduced the body temperature of male and female rats, just as it does when administered by injection in mice (Abel, 1973; Pertwee and Tavendale, 1977) , rats Fennessy, 1977, 1982) or monkeys (Matsuzaki et al, 1987; McMahon et al, 2005; Taffe, 2012) . The magnitude of hypothermia depended on the amount of time during which rats were exposed to vapor ( Figure 1B ) and the concentration in the vehicle (Figure 2 ), thereby demonstrating a dosedependent relationship. Inhaled THC also decreased lo comotor activity in the male and female rats in Experiment 2. Hypothermic effects were also produced by the inhalation of a crude marijuana extract ( Figure 3A ) which confirms efficacy (on this measure) using materials more similar to street preparations being used by humans. Furthermore, vapor inhalation of THC decreased nociception as assessed with the tail-flick assay, similar to effects of injected THC in rats in prior (Lichtman and Martin, 1991; Mason et al, 1999; Novelli et al, 1983 ) and the present ( Figure 4D ) studies. The antinociceptive effects lasted up to two hours after vapor initiation, depended on exposure duration and were blocked by pre-inhalation administration of the CB 1 antagonist SR141716. In sum, effects of THC inhalation generalized across males and females (Experiment 2), across two rat strains (Experiment 1 vs Experiment 2) and across minor differences in age, weight and prior experimental history (Experiment 1 vs Experiment 3). The method is effective and could be readily duplicated using widely available commercial e-cigarette products with minor modification of commercially available rat cages.
The vapor/i.p. relationships for the in vivo measures coincide with the similar plasma THC levels found 30 min after initiation of vapor THC (200 mg/mL) inhalation and 30 min after 10 mg/kg THC, i.p. (Figure 3 ). For a translational comparison, humans reach >100 ng/ml plasma THC concentrations after intentionally smoking marijuana or using a vaporizing device with ethanolized (pure) THC (Abrams et al, 2007; Zuurman et al, 2008) , a peak of 62 ng/mL plasma THC after ad lib consumption of vaporized cannabis (Hartman et al, 2015) and 162 ng/mL plasma THC using a paced marijuana smoking procedure in which consumption was fixed (Huestis et al, 1992) . Peak plasma levels in the rats in this study approximated those values via inhalation (and also i.p. injection) enhancing translational validity. The relatively rapid onset and offset of the body temperature response relative to intraperitoneal THC administration in this ( Figure  1C ) and a prior study (Taffe et al, 2015) shows that this method may provide a route of administration that matches human use more closely. It is unclear at present why the plasma levels of THC were lower after crude extract vapor inhalation and additional investigation with a wider range of exposure conditions and concentrations in the PG would be required to fully resolve this question. For the purposes of this validation it is most important that the lower plasma levels coincide with the smaller decrease in body temperature relative to the THC inhalation conditions. This study found a partial dissociation between the thermoregulatory or antinociceptive effects and the locomotor inhibitory effects of THC in male rats since there were no effects of THC on locomotor behavior confirmed for the Experiment 1 and 3 inhalation studies. Nevertheless, female and male rats exhibited suppressed locomotor activity after inhalation in Experiment 2 and we've shown previously that i.p. THC can significantly reduce activity of male rats using a similar radiotelemetry approach (Taffe et al, 2015) . Although most tetrad testing for cannabinoid action has used relatively high doses that produced significant effects on all measures (temperature, activity, nociception and catalepsy), such studies obscured the independent dose-relationship for each outcome by failing to describe threshold dosing across all measures. In a recent mouse study, inhaled THC produced no catalepsy at doses that altered temperature, activity and nociception (Marshell et al, 2014) . Still, it may be the case that the locomotor assay used for this study is not the most sensitive and may have underrepresented locomotor suppressive effects of THC.
The major caveat to this study is that the experiments do not cover every possible avenue of investigation outlined by a decades-long literature of the effects on injected THC in mice or rats. It may be that other in vivo endpoints may be of greater interest to some audiences. Nevertheless, the main goal was to provide broad validation of the approach using the most common rodent indices of cannabinoid activity, and the data support the conclusion that pharmacologically active doses of THC were inhaled. As one specific example for additional exploration, there was an apparent sexdifference in this study (Figure 2 ) with females appearing more sensitive to a 30 min, 50 mg/mL THC inhalation condition. This is most likely due to significant differences in the bodyweight (females averaged 59% of the male weight), and therefore the administered per-kilogram THC dose. Other studies involving i.v. THC administration in these groups confirm a similar magnitude of thermoregulatory response between the sexes on a mg/kg basis (not shown) and Figure 1C shows that a 50% lower mg/kg dose results in lesser effect on hypothermia within a single group. This interpretation assumes a relatively similar amount of THC was taken up via inhalation in male and female rats. It would be of interest to further determine the presence or absence of sexdifferences in the effects of inhaled THC. Similarly, it would be of interest to further explore the role of non-THC constituents in the effects of inhaling crude marijuana extracts.
In conclusion, these studies validate a new model of intrapulmonary THC delivery by showing hypothermic, hypolocomotive and antinociceptive effects. This method has several advantages. Inhalation (increasingly via e-cigarettes) administration is in widespread human use and this work establishes an inhalation model suitable for rats. The time course of effects is much shorter than with i.p. administration and there is no need for the surgical implantation of catheters required for intravenous administration. The flexibility of the vehicle permits the evaluation of crude extracts, mixtures of cannabinoids and potentially combinations of THC with, other drugs e.g., nicotine. This study therefore represents a significant advance in the preclinical study of the effects of THC on behavior and physiology.
